YopB is a 401-amino-acid protein that is secreted by a plasmid-encoded type III secretion system in pathogenic Yersinia species. YopB is required for Yersinia spp. to translocate across the host plasma membrane a set of secreted effector proteins that function to counteract immune signaling responses and to induce apoptosis. YopB contains two predicted transmembrane helices (residues 166 to 188 and 228 to 250) that are thought to insert into the host plasma membrane during translocation. YopB is also required for pore formation and host-cell-signaling responses to the type III machinery, and these functions of YopB may also require membrane insertion. To elucidate the importance of membrane insertion for YopB function, YopB proteins containing helix-disrupting double consecutive proline substitutions in the center of each transmembrane domain were constructed. Yersinia pseudotuberculosis strains expressing the mutant YopB proteins were used to infect macrophages or epithelial cells. Effector translocation, pore formation, and host-cell-signaling responses were studied. Introduction of helix-disrupting substitutions into the second transmembrane domain of YopB resulted in a nonfunctional protein that was not secreted by the type III machinery. Introduction of helix-disrupting substitutions into the first transmembrane domain of YopB resulted in a protein that was fully functional for secretion and for interaction with YopD, another component of the translocation machinery. However, the YopB protein with helix-disrupting substitutions in the first transmembrane domain was partially defective for translocation, pore formation, and signaling, suggesting that all three functions of YopB involve insertion into host membrane.
A large number of gram-negative bacteria that cause human diseases utilize type III secretion systems (TTSSs) to export virulence factors (16, 27) . Included in this group are Yersinia, Salmonella, Shigella, Escherichia, Bordetella, Chlamydia, and Pseudomonas species (16, 27) . TTSSs that secrete virulence effectors are structurally similar to flagellar TTSSs, suggesting that both systems evolved from a common ancestor (8, 48) . Virulence-associated TTSSs consist of a multiprotein basal body that spans the inner and outer membranes and periplasm and a rigid needle-like structure that protrudes from the bacterial surface (8) .
The three Yersinia species which are pathogenic for humans (Yersinia pestis, Y. pseudotuberculosis, and Y. enterocolitica) harbor a ϳ70-kb plasmid which encodes a TTSS (15, 49) . This apparatus functions to transfer virulence effectors, also encoded on the 70-kb plasmid, from the interior of the bacterium into the cytosol of the targeted host cell (14) . Upon entry into the host cell, these virulence effectors, termed Yops (for "Yersinia outer membrane proteins"), disrupt host-cell-signaling pathways to antagonize phagocytosis, repress cytokine synthesis, and induce apoptosis (30) . For example, YopH is a protein tyrosine phosphatase that dephosphorylates several focal adhesion-associated proteins (4, 23, 46) . YopE is a GTPaseactivating protein that deactivates small GTPases of the Rho family (Rac1, Cdc42, and RhoA) (5, 59) . YopT is a cysteine protease that inactivates Rho GTPases by removing a C-terminal prenyl group that is required for membrane anchoring (52) . YopJ, a putative protease, binds to multiple mitogenactivated protein kinase (MAPK) kinases and to inhibitor of B kinase ␤. YopJ is believed to induce apoptosis by inhibiting activation of the transcription factor NF-B (1, 42) .
Another group of secreted proteins, termed translocators, mediate the transfer of the effectors across the eukaryotic plasma membrane (11) . Genetic studies indicate that the proteins YopB, YopD, and LcrV, which are encoded by the lcrGlcrVsycDyopBD operon, are essential translocation factors (18, 22, 32, 38, 40, 41, 47) . SycD (also known as LcrH), one of the other products of this operon, functions as a chaperone for YopB and YopD (39) . YopK (also known as YopQ), a 183-amino-acid protein encoded outside the lcrGlcrVsycDyopBD operon, appears to regulate the translocation process (26) . Holmström et al. (26) have shown that a Y. pseudotuberculosis yopK mutant translocates increased levels of YopE into cultured mammalian cells (a process known as "hypertranslocation").
The expression, assembly, and activation of the plasmidencoded TTSS is regulated by several environmental cues (15, 20, 49) . A temperature of 37°C stimulates expression of TTSS components and assembly of the apparatus. The effectors, translocators, and even components of the type III apparatus are secreted in abundant amounts in the absence of host cell contact when the bacteria are grown in a calcium-deficient medium at 37°C. However, during infection of cultured mammalian cells with Yersinia spp., the delivery of effectors into the host cell appears to be focused so that little or no effector protein is detected in the extracellular milieu (50) , suggesting that the TTSS needle forms a continuous conduit with the translocation machinery. Interestingly, unlike the effectors, the translocators YopB, YopD, and LcrV are detected in the extracellular milieu of infected cells (19, 31, 40) . It has been suggested that secreted translocators can function at a distance from the site of bacterial-host cell contact to promote pathogenesis (31) . Although there is no evidence that translocators can function at a distance to mediate effector delivery, at least one of these proteins acts as a diffusible immune modulator. LcrV has immunosuppressive activity (10) as a result of its ability to stimulate signaling through toll-like receptor 2 (53) .
Several lines of evidence support the idea that the translocators insert into the host cell plasma membrane to form a channel that facilitates the passage of effectors. YopB and YopD contain central hydrophobic domains that are predicted to function as transmembrane helices (21) . YopB has two centrally located hydrophobic domains, while YopD has one such region (21) . YopB and YopD have been shown to insert into synthetic membranes when bacterial secretion of these proteins was induced by low-calcium conditions in the presence of liposomes (56) . Furthermore, insertion of YopB and YopD into synthetic membranes under these conditions was associated with channel formation (56) . Purified LcrV has also been shown to have channel-forming activity in synthetic lipid bilayers (25) . Yersinia mutants that are defective for the production of certain Yop proteins (e.g., yopE, yopK, or yopN mutants) exhibit pore-forming activity against erythrocytes, epithelial cells, or macrophages in vitro (22, 26, 33, 38, 40, 57) . This pore-forming activity of yop mutant Yersinia strains is lost when YopB, YopD, or LcrV is inactivated, indicating that each of these proteins is required for pore formation (22, 25, 33, 38, 57) .
YopB, the focus of this study, shares structural similarity with several type III translocation factors found in other bacterial pathogens, including SipB of Salmonella spp. and IpaB of Shigella spp. (27) . SipB and IpaB each contain two centrally located hydrophobic domains that function as transmembrane helices (29, 34) . SipB and IpaB insert into synthetic membranes with a similar topological orientation (29, 34) . Each transmembrane helix spans the bilayer, creating a hairpin structure, with the N and C termini of the proteins exposed on one side of the membrane and the hydrophilic region between the helices exposed on the opposite side (29, 34) .
In addition to being required for effector translocation, YopB is required to activate a host-cell-signaling response to the type III secretion machinery (58) . YopB-dependent signaling is counteracted by YopE, YopH, or YopJ in epithelial cells infected by the wild-type bacteria. However, infection of epithelial cells with yopE yopH yopJ mutant Y. pseudotuberculosis results in robust activation of MAPKs and production of the cytokine interleukin-8 (IL-8). It has been suggested (58) that activation of this signaling response involves either insertion of YopB into the host plasma membrane or interaction of YopB with a host cell receptor, in a manner analogous to the interaction of IpaB with the hyaluronan receptor CD44 (54) .
In this study we have taken a genetic approach to elucidate the importance of membrane insertion for the translocation, pore formation, and host-signaling functions of YopB. We reasoned that by disrupting transmembrane helices, it might be possible to separate the translocation, pore formation, and signaling functions of YopB, since translocation and pore formation are likely to require membrane insertion whereas host signaling may not. We expressed mutant YopB proteins, in which the transmembrane helices were disrupted by amino acid substitutions, in Y. pseudotuberculosis. The ability of these strains to secrete YopB, to translocate effectors, to form pores, and to stimulate signaling in infected host cells was studied. Our results suggest that all functions of YopB, translocation, pore formation, and host signaling, involve membrane insertion.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Y. pseudotuberculosis strains used in this study (Table 1) are derived from the serogroup 03 Y. pseudotuberculosis strain YP126. Escherichia coli strains used were TUNER(DE3) pLacI (Novagen) for coexpression of YopB with SycD and SM10pir for the conjugation of expression plasmids into Y. pseudotuberculosis. Y. pseudotuberculosis and E. coli were grown in Luria-Bertani (LB) broth or on LB plates overnight at 26 or 37°C, respectively, and in the presence of antibiotics at standard concentrations when appropriate. Induction of type III protein secretion by Y. pseudotuberculosis strains grown under low-calcium conditions was carried out as previously described (44) . Secreted proteins were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and detected by staining with Coomassie brilliant blue or by immunoblotting as described below. For infection assays, cultures of Y. pseudotuberculosis grown overnight at 26°C were subcultured to an optical density at 600 nm (OD 600 ) of 0.1 in the appropriate medium and grown yopE yopH yopJ yopO yopK yopM yopB40 EHJOKMB with shaking as described below. The bacteria were centrifuged (6,000 ϫ g, 5 min, room temperature) and resuspended in warm (37°C) Hank's balanced salt solution (HBSS) (GIBCO) to an OD 600 of 1. The bacterial suspension was used to infect cells as described below. Mutant design. Y. pseudotuberculosis yop mutants were constructed using allelic recombination as previously described (44) . To generate the yopB mutant strain, YP40, a DNA fragment encompassing yopB, was amplified using PCR using the virulence plasmid as template and primers V2 (5ЈCAAATTATTTAA AGATCTCACGAGGTAATTATGCAACAAGAG3Ј) and B2 (5ЈGTTAGCAC CGAGTTTCTTTGATGCGATGCCGGATTTCTT3Ј). The DNA fragment was cloned into pET-Blue 2 (Perfectly Blunt cloning kit; Novagen). A mutation (yopB40) corresponding to a stop codon at codon 8 of yopB followed by a frameshift and an XbaI site was generated using a QuikChange mutagenesis kit (Stratagene) and primers BFRAME1 (5ЈCGTTGATACCCATGTCTAGATCA ACGCCAGTAACTGG3Ј) and BFRAME2 (5ЈCCAGTTACTGGCGTTGATC TAGACATGGGTATCAACG3Ј). The mutated DNA fragment was cloned into the pSB890 allelic exchange plasmid (44) by the use of BamHI and BglII sites. The resulting plasmid, pSB890-B40, was introduced into SM10pir by electroporation, and the yopB40 mutation was introduced into the virulence plasmid in YP126 by allelic exchange. To create the yopK mutant strain YP36, a frameshift mutation was introduced into the yopK gene in YP126 by the use of pLP6 (44) . The yopB yopK double mutant, YP41, was generated using pSB890-B40 to introduce the yopB40 mutation into YP36. The yopB40 mutation was introduced into YP37 (58) to create YP44 (yopEHJOMKB). YP43 (yopEHJK) was constructed using pLP6 to introduce the yopK mutation into YP29.
The plasmid pGEX2T-YopB was constructed to serve as a template for sitedirected mutagenesis of the transmembrane sequences in yopB. A DNA fragment containing yopB was amplified by PCR using the virulence plasmid as the template and primers B1 (5ЈGGGATCCCATATGAGTGCGTTGATAACCCA TGAC3Ј) and B4 (5ЈCGGATTCGAATTCTTAAACAGTATGGGGTCTGCC GG3Ј). The DNA fragment was inserted into pGEX-2T (Pharmacia) by the use of EcoRI and BamHI restriction sites. Double proline codon substitutions were introduced into pGEX2T-YopB by the use of a QuikChange mutagenesis kit. The yopB1 allele contains proline substitutions at codons 175 and 176. The yopB2 allele contains proline substitutions at codons 239 and 240. Primers for creating yopB1 were BTM1F (5ЈCGCCATAGCCCCACCGATTGTCGGTGCCATC3Ј) and BTM1R (5ЈGATGGCACCGACAATCGGTGGGGCTATGGCG3Ј). Primers for creating yopB2 were BTM2F (5ЈGTCGCATTGACTGTACCTCCAACC GTAATGACCTTTGGC3Ј) and BTM2R (5ЈGCCAAAGGTCATTACGGTTG GAGGTACAGTCAATGCGAC3Ј). Mutations were confirmed by DNA sequencing. DNA fragments carrying yopB, yopB1, and yopB2 were inserted into a derivative of the expression plasmid pMMB67HE by the use of NdeI and EcoRI sites as previously described (44) . The resulting plasmids, pYopB, pYopBTM1, and pYopBTM2, were introduced into the YP29, YP40, YP41, or YP43 strain by conjugation.
Coexpression of YopB and SycD in E. coli. A two-plasmid system was used for the coexpression of YopB and SycD in E. coli. The plasmids pYopB, pYopBTM1, and pYopBTM2 (see above) were used for expression of YopB proteins. To construct a plasmid for SycD expression, a DNA fragment encompassing sycD was amplified using PCR with the virulence plasmid as a template and primers YopB5 (5ЈCTCCTTAAACTTAATCATGGGTTATCAACGCAC TCATG3Ј) and LcrV2 (5ЈCAAATTATTTAAAGATCTCACGAGGTAATTA TGCAACAAGAG3Ј). The amplified DNA fragment was inserted into pETBlue2 (Novagen) using a Perfectly Blunt cloning kit (Novagen). The resulting plasmid, pETBlue2-SycD, was digested with BglII and EcoRI, and the DNA fragment carrying sycD was isolated and inserted between the BamHI and EcoRI sites of pET28a (Novagen). Competent TUNER(DE3) pLacI cells were transformed with pET28a-SycD by following the guidelines of the supplier (Novagen). The plasmids pYopB, pYopBTM1, and pYopBTM2 were introduced into TUNER(DE3) pLacI cells by conjugation.
For induction of protein expression, overnight cultures of bacteria were subcultured to an OD 600 of 0.1 and grown with 3 h of shaking at 30°C. IPTG (isopropyl-␤-D-thiogalactopyranoside) (0.1 mM) was added, and cultures were grown another 2 h. Proteins were extracted from pelleted TUNER(DE3) pLacI cells by the use of Bug Buster reagent (Novagen) supplemented with EDTA-free protease inhibitor cocktail (ROCHE) and benzonase (Novagen). Following 2 min of incubation at room temperature with shaking, an aliquot was removed and this sample was saved as the total cell fraction. The remainder of the lysate was centrifuged (12,000 ϫ g, 20 min, 4°C), and the supernatant was saved as the soluble fraction. The samples were analyzed by anti-YopB immunoblotting as described below.
Production of antibodies to YopB. The rabbit anti-YopB antibody preparation designated SB452 was prepared in a commercial facility (Cocalico Biologicals, Inc.). A sample of Yop proteins secreted from Y. pseudotuberculosis in lowcalcium medium was resolved on an SDS-8% polyacrylamide gel. After staining with Coomassie brilliant blue, a gel fragment containing the YopB protein band was excised. Rabbits were given multiple injections of the emulsified gel fragment to generate antisera against YopB. A sample of the antisera was incubated sequentially with acetone powders of TUNER(DE3) pLacI cells and YP40 cells to remove nonspecific antibodies as previously described (24) .
Analysis of secreted YopB and YopD interaction. Plasmids pHis 6 -YopB and pHis 6 -YopBTM1 were constructed as follows. YopB and YopBTM1 were amplified using PCR with pGEX2T-YopB and pGEX2T-YopBTM1, respectively, as templates and primers B1 and B4 (see above). The DNA products were digested with NdeI and EcoRI and ligated between the NdeI and EcoRI sites in pET-28a, creating a fusion between the His 6 sequence and the 5Ј end of the yopB open reading frame. The resulting plasmids, pET28a-His 6 YopB and pET28a-His 6 YopBTM1, were verified by sequencing. pET28a-His 6 YopB and pET28a-His 6 YopBTM1 were then digested with XbaI and EcoRI, and the inserts were isolated and inserted between the XbaI and EcoRI sites in pMMB67HE. The resulting plasmids, pHis 6 -YopB or pHis 6 -YopBTM1, were introduced into YP44 by conjugation.
Cultures of YP44 carrying pYopB, pHis 6 -YopB, or pHis 6 -YopBTM1 were grown and induced for secretion as previously described (44), with the exception that IPTG (0.05 mM final concentration) was added to the cultures at the time of the temperature shift to induce expression of the YopB proteins and the cultures were incubated at 37°C for 4.5 h. Secreted proteins in 20 ml of supernatant were concentrated using a Centriplus centrifugal device (YM-30; Amicon) and conditions provided by the supplier. Proteins were purified from the concentrated supernatant by the use of the small-scale purification batch method with nickel-coated resin and buffers provided in a His-Bind purification kit (Novagen). The concentrated supernatant and all buffers, except the charge buffer, were supplemented with 1% Triton X-100 (Sigma) before purification. Samples of the concentrated supernatant, unbound proteins, and proteins eluted from the resin were resolved by SDS-10% polyacrylamide gel electrophoresis and analyzed by immunoblotting with anti-YopB, anti-YopD, or anti-LcrV antibodies as described below.
Cell culture conditions. J774A.1 murine macrophage-like cells were maintained as continuous cultures from passage 10 to 25. HeLa cells were maintained as continuous cultures from passage 76 to 90. Cells were seeded into wells of tissue culture plates 1 day prior to infection. J774 cells were seeded at 6.8 ϫ 10 5 cells per well in a 6-well plate for the translocation assay and at 1 ϫ 10 5 cells per well in a 24-well plate for the lactate dehydrogenase (LDH) release and immunofluorescence assays. HeLa cells were seeded onto 60-mm-diameter tissue culture dishes at 6 ϫ 10 5 cells per well for the extracellular signal-regulated kinase (ERK) activation assay and at 1 ϫ 10 5 cells per dish in a 24-well plate for the IL-8 assay. The culture medium used for both cell types was Dulbecco's modified Eagle's medium (GIBCO) supplemented with heat-inactivated 10% fetal bovine serum (HyClone) and 1 mM sodium pyruvate (GIBCO). Cells were incubated overnight at 37°C in a humidified incubator containing 5% CO 2 , infected with bacteria, and returned to the incubator for the time period specified below.
Translocation assay. Bacteria were grown in LB broth containing 2.5 mM CaCl 2 for 2 h at 37°C and used to infect J774A.1 cells at a multiplicity of infection (MOI) of 50. The plates were centrifuged (100 ϫ g, 1 min, room temperature) to facilitate bacterial contact with macrophages and then placed at 37°C in a 5% CO 2 incubator for 2 h. The tissue culture plate was placed on ice, the medium was removed, and the infected cells were washed twice with ice-cold HBSS containing 10 mM NaF and 1 mM NaVO 4 . To each well 0.5 ml of 1% Triton X-100 lysis buffer (1% [vol/vol] Triton X-100, 0.01 M Tris [pH 7.6], 0.15 M NaCl, 10% glycerol) containing EDTA-free protease inhibitor cocktail (ROCHE) was added. After 15 min on ice, the cells were scraped from the plates, and the soluble and insoluble fractions of the lysates were separated by centrifugation (12,000 ϫ g, 10 min, 4°C). The insoluble pellets were washed once with lysis buffer. The soluble protein concentrations were calibrated using a protein assay (Bio-Rad) and normalized by adjusting volumes with lysis buffer. The protein samples were analyzed using immunoblotting as described below.
ERK activation assay. At 30 min prior to infection the HeLa cell culture medium was aspirated from each well and replaced with warm (37°C) Dulbecco modified Eagle medium lacking serum. In some cases the medium was supplemented with IPTG at a concentration of 0.1 mM. The cells were infected as described for the LDH assay for 1 h. The dishes were then placed on ice and washed three times with ice-cold phosphate-buffered saline containing 1 mM Na 3 VO 4 and 10 mM NaF. The cells were incubated in 0.5 ml of cold 1% Triton X-100 lysis buffer containing 1 mM Na 3 VO 4 and 10 mM NaF for 15 min on ice. The cell lysates were scraped into microcentrifuge tubes and centrifuged (12 (24) . Proteins were separated on SDS-10% polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes for immunoblot analysis. The membranes were blocked in Tris-buffered saline (24) containing 0.05% Tween 20 (TBST) and 1% bovine serum albumin for the Yop detection or TBST containing 5% nonfat milk for ERK detection. YopB was detected with a rabbit polyclonal antibody (provided by O. Schneewind, University of California at Los Angeles) diluted 1:1,000 in TBST or with the SB452 antibody (see above) diluted 1:20,000 in TBST. Rabbit polyclonal antibodies specific for YopD (60) and LcrV (40) have been described previously and were used at dilutions of 1:20,000 and 1:5000, respectively. YopE was detected with rabbit polyclonal antibodies (5) diluted 1:1,000 in TBST. Src-kinase-associated protein (SKAP) was detected with rabbit polyclonal anti-SKAP antibody diluted 1:10,000 in TBST (6) . ERK was detected with a phospho-p44/42 MAPK (␣-P-ERK) antibody or a p44/42 MAPK (␣-ERK) antibody under conditions specified by the manufacturer (Cell Signaling Technology). Secondary horseradish peroxidase-conjugated anti-rabbit antibodies (Jackson Immunoresearch Laboratories) were diluted 1:10,000 in TBST for Yop detection or in TBST containing 5% nonfat milk for ERK detection. Immunoblots were developed by chemiluminescence (Perkin Elmer).
Densitometry. Densitometry was carried out using a Bio-Rad GS-710 imaging densitometer. Bands on films were quantified as trace quantities in units of OD and diameter in millimeters. These values were normalized to the signals of loading controls (SKAP for the translocation assay and total ERK for the ERK activation assays). For ERK activation assays, the signals from the different ERK isoforms (p44/p42) within each lane were summed.
Immunofluorescence microscopy. J774A.1 cells seeded on glass coverslips were infected as described for the translocation assay. The cells were processed for immunofluorescence microscopy using rabbit anti-YopE antibodies and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG as previously described (5). Phase-contrast and epifluorescence microscopy was performed using a Zeiss AxioPlan 2 microscope equipped with appropriate filters and a 40ϫ (NA 0.75) objective. Images were captured with a Diagnostic Instruments Spot digital camera and processed using Adobe Photoshop 5.5. To quantify the YopE signal in infected J774 cells, the green-pixel intensity of each cell was measured as follows. The area of each cell was defined using the circular marque tool in Adobe Photoshop (version 5.5). The size of the defined region was held constant for all measurements. The histogram function in Adobe Photoshop was used to measure the average brightness value within the defined region. For YP41/ pYopB infections, images of 78 cells were evaluated. For YP41/pBTM1 infections, images of 112 cells were evaluated.
LDH release assay. Bacteria were grown in LB broth containing 20 mM MgCl 2 and 20 mM C 2 O 4 Na 2 at 26°C for 1 h and at 37°C for 2 h. J774A.1 cells were infected at an MOI of 50 for 2 h. Gentamicin was then added (100 g/ml final concentration), and the incubation was then continued for an additional 3 h. HeLa cells were infected at an MOI of 100 for 3 h. Where indicated, IPTG was present at 0.1 mM to increase YopB expression. Uninfected cells were lysed by a freeze-thaw cycle to obtain the total lactate dehydrogenase (LDH) values. Culture medium from infections and controls were collected and centrifuged (12,000 ϫ g, 10 min, 4°C) to eliminate bacteria and cellular debris. Aliquots from each supernatant sample were transferred to a 96-well plate and analyzed for LDH by the use of a CytoTox96 nonradioactive cytotoxicity assay kit (Promega) and an MRX microplate reader (DYNA TECH Laboratories). OD values for each condition were averaged, and percent LDH release was calculated as follows: (LDH released during infection/total LDH) ϫ 100.
IL-8 assay. Bacteria were grown as described for the LDH release assay and used to infect HeLa cells at an MOI of 100 for 1 h. The medium was then removed and replaced with fresh medium containing gentamicin (100 g/ml), and the incubation was continued an additional 4 h. The infection medium was collected and centrifuged (12,000 ϫ g, 10 min, 4°C), and duplicate samples of each supernatant were analyzed for IL-8 by enzyme-linked immunosorbent assay (ELISA) (Antigenix America).
Sequence analysis of YopB. The primary sequence of YopB was entered into the online search engine TMHMM version 2 (www.cbs.dtu.dk/services/TM-HMM/) to identify transmembrane regions. The data for the location of coiledcoil domains in YopB were derived from a primary article (43) .
Statistical analysis. Statistical analysis of data was performed by one-way analysis of variance (ANOVA) using InStat 2.01. The Tukey-Kramer multiplecomparisons test was used to determine significance in comparisons of individual treatments. P values of Ͻ0.05 were considered significant.
RESULTS
YopB functions in cis to mediate YopE translocation by wild-type and yopK mutant Y. pseudotuberculosis. YopB is predicted from sequence analysis to contain two transmembrane helices (21) and two coiled-coil domains (43) (Fig. 1) . The primary goal of this study was to investigate the importance of the transmembrane helices for YopB function. Before proceeding with this analysis, initial studies were carried out to better characterize the role of YopB in the translocation process. YopB is required for Y. pseudotuberculosis to translocate YopE into HeLa cells during infection (22, 41) . We confirmed that YopB is required for translocation of YopE into macrophages. J774A.1 cells were infected with a wild-type Y. pseudotuberculosis strain (YP126) or with an isogenic mutant (YP40) ( Table 1) , which contains a stop codon at codon 8 of yopB, followed by a frameshift mutation. The infected cells were analyzed for YopE translocation by a detergent solubility assay (Materials and Methods). Samples of the detergent-soluble fractions (containing translocated protein) and the detergentinsoluble fractions (containing bacterium-associated protein) were analyzed for the presence of YopE by immunoblotting (Fig. 2) . YopE was translocated into cells infected with the wild-type strain but not into cells infected with the yopB mutant ( Fig. 2A; compare lanes 2 and 3) . Similar amounts of bacterial-associated YopE were detected in the insoluble fractions of the cells infected with either strain (Fig. 2A, lanes 7  and 8) .
YopB is secreted into the extracellular milieu during infection (31), suggesting that YopB secreted by one bacterium could function to translocate YopE secreted by another bacterium. To test whether YopB can function in trans to promote translocation, we carried out a trans-complementation experiment in which we coinfected J774A.1 cells with the yopB mutant YP40 and the yopE mutant YP6 (Table 1) . Translocation of YopE was not detected when the cells were coinfected (Fig.   FIG. 1 . Schematic diagram of YopB primary structure and mutant design. The structure of wild-type YopB protein (B ϩ ) is indicated at the top. Boxes represent structural elements, corresponding to predicted transmembrane domains (T) and coiled-coil (C) regions. The middle structure represents YopB18 (B18), which results from an in-frame deletion of amino acids 166 to 258, removing both transmembrane domains. The lower structure shows the transmembrane domains expanded to single-letter code, and the positions of double proline substitutions are indicated. YopBTM1 (BTM1) contains prolines substituted for serine 175 and valine 176. YopBTM2 (BTM2) contains prolines substituted for valine 239 and serine 240. To confirm that the mutation introduced into yopB in YP40 is nonpolar, the plasmid pYopB carrying wild-type yopB under control of the tac promoter was introduced into YP40. YopB is produced constitutively at a low level from this plasmid in the absence of the inducer (IPTG). The resulting strain (YP40/ pYopB) was used to infect macrophages, and YopE translocation was assayed as before. YopE was translocated when YopB was expressed in YP40 ( Fig. 2C ; compare lanes 5 and 6). Taken together, these results indicate that YopB is required in cis for YopE translocation into macrophages infected with wild-type or yopK mutant Y. pseudotuberculosis.
Mutation of predicted transmembrane helices in YopB. The Y. pseudotuberculosis strain YP18 (Table 1) results from an in-frame deletion in yopB that removes codons 166 to 258 and both transmembrane domains of the protein (Fig. 1) (44) . As shown previously (45), removal of both transmembrane domains in YopB results in loss of translocation activity (Fig. 2C,  lane 3) . Complementation analysis confirmed that the yopB18 allele is a nonpolar mutation (Fig. 2C, lane 4) .
The functional importance of the individual transmembrane domains in YopB was investigated by the insertion of double proline substitutions near the center of each 23-amino-acid helix. The altered YopB designated YopBTM1 has substitutions S175P and V176P, and YopBTM2 has substitutions V239P and S240P (Fig. 1) . The proline's rigid conformation, due to the bonding of the last atom of its side chain to the main chain, produces kinks in ␣-helices. The distortion created by a double consecutive proline substitution decreases, but does not fully abolish, the ability of model hydrophobic peptides to form transmembrane structures (12) . We first investigated whether the double proline substitutions affected the stability or secretion of YopB. Plasmids that express YopBTM1 or YopBTM2 under control of the tac promoter were constructed and introduced into the yopB mutant YP40. The supernatants from cultures of YP40/pYopB, YP40/pYopBTM1, and YP40/ pYopBTM2 grown under low-calcium conditions were analyzed by anti-YopB immunoblotting. YopB and YopBTM1 were secreted under these conditions, while secretion of YopBTM2 could not be detected ( Fig. 3A; compare lanes 1, 3,  and 4 ). To determine why YopBTM2 was not secreted, the bacterial pellets of low-calcium-induced cultures were analyzed by anti-YopB immunoblotting. Wild-type YopB and YopBTM1 were detected in the bacterial pellets, while YopBTM2 was not detected (data not shown), suggesting that YopBTM2 is unstable when expressed in Y. pseudotuberculosis.
Neyt and Cornelis (39) have shown that steady-state levels of YopB are very low in a sycD mutant background, suggesting that interaction with SycD is important for YopB stability in Yersinia spp. In addition, ectopic coexpression of SycD with YopB increases YopB stability in E. coli (39) . YopB, YopBTM1, and YopBTM2 were produced in E. coli, with or without coexpression of SycD. As shown by immunoblotting results, steady-state levels of YopB and YopBTM1 increased in the presence of SycD, indicating that these proteins interact with the chaperone (Fig. 3B, lanes 1 to 8) . However, the steady-state level of YopBTM2 remained low in the presence of SycD, suggesting that this protein is unable to bind SycD.
Role of transmembrane domain 1 in YopD interaction. YopB has been shown to interact with YopD in crude extracts of E. coli and in the Yersinia cytoplasm (39) . In addition, it is believed that after secretion, YopB and YopD interact to form a translocation channel in the host cell membrane. We devel- sequence (YP44/pYopB) was cultured in parallel as a control. Supernatants of the bacterial cultures were concentrated and subjected to small-scale affinity chromatography using a Ni 2ϩ -coated resin (Materials and Methods). The results of the purification were analyzed by immunoblotting with antibodies specific for YopB, YopD, or LcrV. As shown in Fig. 4A , YopB, His 6 -YopB, and His 6 -YopBTM1 were secreted into the bacterial growth medium at similar levels ( lanes 1, 4, and 7) , showing that the presence of the N-terminal His 6 sequence did not interfere with secretion of His 6 -YopB or His 6 -YopBTM1. Both YopB proteins with N-terminal His 6 sequences were selectively adsorbed to and eluted from the resin (Fig. 4B, lanes  2, 3, 5, 6, 8, and 9 ). In addition, similar amounts of YopD copurified with His 6 -YopB and His 6 -YopBTM1 (Fig. 4B, lanes  6 and 9) , suggesting that the presence of the double proline substitution in transmembrane domain 1 did not interfere with YopD interaction. Interestingly, LcrV did not copurify with His 6 -YopB or His 6 -YopBTM1 (Fig. 4C) , suggesting that LcrV does not interact with YopB or YopD under these conditions.
Role of transmembrane domain 1 in translocation. J774A.1 cells were infected with YP126, YP40/pYopB, or YP40/ pYopBTM1, and translocation of YopE was assayed as before to determine whether disruption of transmembrane domain 1 affects the translocation function of YopB. YopE was translocated into J774A.1 cells by YP40/pYopBTM1 at a level that was reduced (ϳ4-fold) compared to that seen with the control strains ( Fig. 5; compare lanes 2, 4, and 5 ). We next carried out the translocation assay with yopK mutant strains to determine whether YopBTM1 was defective for hypertranslocation. Less YopE was translocated into cells infected with YP41/ pYopBTM1 than into cells infected with YP41/pYopB (data not shown), suggesting that disruption of the first transmembrane helix in YopB affects hypertranslocation. To confirm the results of the detergent solubility assay, immunofluorescence microscopy was used to examine the amount of YopE translocated into J774A.1 cells by different yopK mutant Y. pseudotuberculosis strains. J774A.1 cells were infected with the yopK mutant strain (YP36), the yopK yopB double-mutant strain (YP41), or YP41 carrying pYopB or pYopBTM1. After 2 h, the infected cells were fixed, permeabilized, and labeled with anti-YopE antibody and a FITCconjugated secondary antibody. The labeled cells were viewed by phase and fluorescence microscopy. Strong anti-YopE staining was observed in cells infected with the yopK mutant, while only background signal was seen in the cells infected with the yopK yopB double mutant (Fig. 6) , confirming that YopB is required for YopE translocation in the yopK mutant background. In addition, a higher (ϳ2-fold) level of anti-YopE staining was seen in cells infected with YP41/pYopB than in cells infected with YP41/pYopBTM1 (Fig. 6I) , again suggesting that disruption of transmembrane domain 1 in YopB decreases the efficiency of YopE translocation.
To further characterize the role of YopB membrane insertion for effector translocation, translocation of YopJ into macrophages was measured by its ability to induce apoptosis. J774 cells were infected with various Y. pseudotuberculosis strains, and apoptosis was measured by an LDH release assay (Materials and Methods). LDH release reflects cell lysis that occurs in the late stages of apoptosis. As shown previously (36), very little LDH was detected in the supernatants of uninfected cells or cells infected with a yopJ mutant (1 to 2% of total LDH) ( Fig. 7 and data not shown) . LDH release increased significantly when the macrophages were infected with YP126 or YP40/pYopB but not when they were infected with YP40 or YP40/pYopBTM1 (Fig. 7) , suggesting that the first transmembrane helix in YopB is important for translocation of YopJ into macrophages.
Role of transmembrane domain 1 in pore formation. To determine whether disruption of transmembrane domain 1 affects the pore-forming activity of YopB, HeLa cells were infected with a multiple yop mutant (yopEHJBK) strain of Y. pseudotuberculosis (YP43) ( Table 1) , and pore-induced osmotic lysis was measured by an LDH release assay. HeLa cells were used for this assay, because they do not undergo apoptosis upon Yersinia infection (51); therefore, any membrane damage we observed could be specifically attributed to pore formation. Infections were carried out with YP43, YP43/pYopB, or YP43/pYopBTM1 for 3 h, and the release of LDH was quantified (Materials and Methods). Low levels of LDH were present in the supernatants of uninfected cells or cells infected with YP43 (Fig. 8) . Interestingly, LDH release resulting from pore formation was observed when the cells were infected with YP43/pYopB in the presence of IPTG but not in the absence of IPTG (Fig. 8 ), suggesting that high-level expression of YopB from the pYopB vector was required for pore formation. In addition, release of LDH when HeLa cells were infected with YP43/pYopBTM1 was reduced ϳ2-fold relative to YP43/ pYopB results in the presence of IPTG (Fig. 8) , suggesting that membrane insertion is important for YopB-dependent poreforming activity.
Role of YopB membrane insertion for host signaling. Activation of the MAPK ERK in infected HeLa cells was measured to determine whether membrane insertion is important for YopB-dependent activation of host signaling (Materials and Methods). HeLa cells were infected with YP29 (yopEHJB mutant) (Table 1) , YP29/pYopB, or YP29/pYopBTM1, and lysates of the infected cells were analyzed by immunoblotting to detect activated ERK (phospho-ERK) or total ERK. Some infections were carried out in the presence of IPTG to increase expression of YopB. P-ERK was not detected in uninfected cells or in cells infected with YP29 (Fig. 9A, lanes 1 to 3) . However, P-ERK was detected in cells infected with YP40/ pYopB (lane 4), and increased levels of P-ERK were seen in the presence of IPTG (lane 5). P-ERK was also detected in 
DISCUSSION
This study was undertaken to investigate the role of the transmembrane domains in YopB for translocation, pore formation, and host signaling. Using nonpolar yopB mutants of Y. pseudotuberculosis we first showed that YopB is required in cis to promote translocation of YopE into J774A.1 cells (Fig. 2) . Therefore, YopB that is secreted into the extracellular milieu during cell culture infection (19, 31) is not able to facilitate effector translocation at a distance. Although these results do not rule out the possibility that YopB could act as a diffusible factor to promote pathogenesis (31), they are consistent with the idea that YopB must remain in the vicinity of the needle from which it is secreted to promote efficient effector translocation. Perhaps a high local concentration of YopB or continuous physical contact with the needle is required for translocation.
Our data also show that YopB is required for hypertranslocation of effectors by a Y. pseudotuberculosis yopK mutant (26) (Fig. 2) . While YopB and the other translocators have homologues in several other pathogen-associated TTSSs, YopK is unique to Yersinia spp. YopK does not share significant similarity at the primary sequence level with any protein in the GenBank database. Using the yeast two-hybrid system we have been unable to detect a direct interaction between YopK and YopB (data not shown). Therefore, how YopK functions to modulate the translocation mechanism remains to be determined (26) .
YopB is structurally and functionally similar to SipB and IpaB. It is therefore likely that the hydrophobic domains in YopB insert into host membranes in a hairpin conformation (29, 34) . The Y. pseudotuberculosis yopB18 allele produces a variant of YopB lacking both transmembrane domains, and strains carrying this mutation are defective for translocation (45) (Fig. 2) and pore formation (57) . To investigate the importance of the individual transmembrane domains in YopB, we introduced amino acid substitutions into each predicted helix with the aim of disrupting stable insertion into host membrane. Proline is somewhat unfavorable for membrane insertion, probably because its structure leaves an unsatisfied backbone H-bond. Introduction of a proline into a transmembrane helix also tends to introduce a kink, which shortens the effective length of the hydrophobic sequence and can make it more difficult for short-to-medium length sequences to span the hydrophobic core of the bilayer. Nevertheless, while not abundant, individual proline residues are not rare in transmembrane helices. On the other hand, studies of hydrophobic polyleucine helices showed that two consecutive proline residues strongly destabilize transmembrane insertion relative to a state in which the helix locates at the membrane surface (12) . It should be noted that even a double consecutive proline substitution did not fully disrupt transmembrane insertion of hydrophobic helices in model membranes (12) . Introduction of such substitutions into transmembrane sequences may be more useful than introduction of substitutions that completely disrupt transmembrane insertion (for example, introduction of charged double consecutive lysines) (12) . Mild substitutions are more likely to induce only local conformational perturbations, while severe mutations might alter global protein folding and thus make it difficult to specify function of a specific membrane-inserting segment. Therefore, a double consecutive proline substitution was chosen to disrupt the transmembrane domains in YopB.
The mutant proteins containing the double consecutive proline substitutions were initially tested for SycD binding, type III secretion, and YopD interaction. YopBTM1, containing a double consecutive proline substitution in the first transmembrane domain, was similar to wild-type YopB in terms of its ability to bind SycD, to be secreted, and to bind YopD ( Fig. 3 and 4) . Introduction of a double consecutive proline insertion into the second transmembrane domain of YopB resulted in a protein that appeared to be unstable in Y. pseudotuberculosis and was not secreted (Fig. 3) . Thus, although our strategy of using consecutive proline substitutions to disrupt transmembrane domains was devised to avoid complete disruption of protein function, this strategy clearly failed in the case of transmembrane domain 2. In this context, it is somewhat surprising that removal of both transmembrane domains of YopB has a different outcome. YopB lacking both transmembrane domains retains the ability to bind SycD and is stable in Yersinia spp. (39) (unpublished data). It is possible that the double proline substitution in transmembrane domain 2 disrupts a global conformation in YopB that is important for SycD binding. An alternative hypothesis that cannot be excluded is that YopBTM2 does bind SycD but that the resulting complex is susceptible to proteolysis in situ. In either case, the results suggest that overall structural stability of YopB is highly sensitive to perturbations in transmembrane domain 2.
Infection of macrophages with yopK ϩ or yopK mutant Y. pseudotuberculosis strains producing YopB or YopBTM1 showed that YopBTM1 is partially defective for effector translocation (Fig. 5 to 7 ) and pore formation (Fig. 8) . This likely reflects a requirement for YopB insertion to form translocation channels and pores. We have shown that Yersinia-induced pore formation in epithelial cells requires YopB and is inhibited by the catalytic activity of YopE (57) . YopE prevents pore formation by blocking host cell actin polymerization (57), suggesting that host signaling and YopB insertion are required for pore formation. It is possible that YopB insertion activates a signaling or stress response leading to the conversion of translocation channels into pores, or alternatively, that host signaling leads to opening of host-derived pores. Interestingly, high expression of YopB was required to observe pore formation, while translocation and host-signaling activities could be detected under conditions of lower YopB expression. This dependence on YopB levels may indicate that a large number of pores need to be generated before osmotic lysis can occur or IpaB interacts with the CD44 receptor, and this interaction is thought to play a role in activation of early signaling events required for Shigella entry into epithelial cells (54) . Interaction of IpaB with CD44 does not require membrane insertion of IpaB (54) . We found that YopBTM1 is partially defective for signaling ( Fig. 9 and 10) , suggesting that membrane insertion of YopB is important for signaling and making it is less likely that binding of YopB to a receptor is responsible for signaling. This conclusion assumes that disruption of transmembrane domain 1 does not alter the interaction of YopB with a receptor. The fact that signaling, but not translocation, can occur in the absence of YopD (58, 60) argues against the possibility that decreased signaling by YopBTM1 results from decreased translocation of an unknown effector that is responsible for signaling. Therefore, the data are consistent with the idea that YopB is directly responsible for signaling and that membrane insertion of YopB is important to activate the signaling response in the host cell.
It is important to point out that although residues 166 to 188 are predicted to form a transmembrane helix, a sequence immediately following 166 to 188 (residues 189 to 208) is relatively hydrophobic as well (as are the corresponding sequences in its relatives IpaB and SipB). This means that residues 166 to 208 in YopB have the potential to form a transmembrane helix 43 residues in length. In fact, this region is long enough to form a two-helix hairpin by itself (37) . However, data showing that the corresponding region of SipB (residues 320 to 353) forms a single transmembrane helix (34) makes formation of a hairpin by residues 166 to 208 in YopB unlikely.
There are several possible consequences of having a very long hydrophobic sequence. One is that the entire hydrophobic sequence is inserted in the form of a highly tilted transmembrane sequence. Another is that the transmembrane segment is derived from a relatively untilted 20-residue portion of the hydrophobic sequence and that the rest of the hydrophobic sequence protrudes from the membrane. In any case, the identity of the residues that penetrate the bilayer may depend on the functional state of the protein. For Tar and related bacterial chemoreceptors a shift between two states in which different residues in a transmembrane helix are membrane embedded has been found to be important for function (3, 13, 17, 28, 35) . In the case of Neu receptor tyrosine kinase a valine-toglutamic acid mutation within a transmembrane segment induces a shift in which residues are buried in the bilayer and alters function (55) . In the case of a human integrin, a functionally important switch of a transmembrane helix between a tilted and untilted state has been proposed (2) . Thus, the double consecutive proline substitution at residues 175 and 176 of YopB might create a situation in which only residues 177 to 208 of the first hydrophobic region can form a stable transmembrane segment, resulting in partial impairment of YopB function. Further studies of the structure and function of membrane-inserted YopB will be needed to examine this possibility.
